Uncontrolled growth in solid tumor generates compressive stress that drives cancer cells into invasive phenotypes, but little is known about how such stress affects the invasion and matrix degradation of cancer cells and the underlying mechanisms.
Introduction
Cancer invasion is a cumulative result of multiple processes including directed cell migration and extracellular matrix (ECM) degradation. While chemical factors are well known in mediating cancer invasion, mechanical forces such as compressive stress have also been identified as essential regulators of these processes 1 . For example, an increase of compressive stress inside solid tumor accompanies with cell proliferation and stiffness enhancement [2] [3] [4] [5] . Cancer cells also experience compressive stress when they migrate through capillary and confined tissue microenvironment [6] [7] [8] [9] . Reports have shown that compressive stress alters cell-cell attachment, cell adhesion, traction force, proliferation, differentiation, and migration 2, 4, 10, 11 . Recent in vivo studies show that compressive stress stimulates tumorigenic signaling by increasing β-catenin signaling in colon epithelial cells 12 , and strategies to release compressive stress can indeed enhance the efficiency of anti-tumor treatment 13 . Interestingly, it is demonstrated in vitro that compressive stress directly drives cancer cells to invasive phenotypes by forming leading cells 14 . However, whether compressive stress enhances invasive phenotypes by promoting both migration and matrix degradation of the cancer cells and how the compressive stress is sensed and transduced into cellular behaviors is still poorly understood.
Considering that compressive stress stretches cell membrane and thus increases membrane tension, it may as well alter cancer cells' behaviors through tensionmediated conformational changes of proteins and lipids in the membrane 15 . In particular, the increase of membrane tension can activate several stretch-activated ion channels (SAC) including Piezo and transient receptor potential (TRP) channels [16] [17] [18] .
Comparing to other SAC such as TRP channels that are also involved in the sensing and response to mechanical stress 19 , Piezo channels are known to respond to membrane tension with more exquisite sensitivity 20 . In synthetic lipid bilayers, mechanical stress can activate purified Piezo channels even in the absence of other cellular components 21 . This and other work convincingly show that Piezo channels are extremely mechanosensitive 21, 22 . On the other hand, studies in vivo show that Piezo channels mediate diverse physiological activities that are associated with compressive stimulation including touch perception 18 , blood pressure sensing 23 , vascular development 24 and breathing 25, 26, 27 , and are essential in some mechanically related pathological processes such as pressure-induced pancreatitis 28 and breast cancer development 29 . In the case of breast cancer development, the role of Piezo1 is substantiated by the shorter survival times of patient with upregulated Piezo1 mRNA expression level 29 . More importantly, it has been shown that the breast cancer cells' response to compression is dependent on Piezo but not TRP channels 30 , and upregulation of Piezo1 mRNA expression leads to a stronger response to negative pressure in breast cancer cells as compared with their normal counterparts 29 . These data are consistent with that compressive stress promotes the migration of cancer cells but not normal cells 14 and indicate that Piezo1 may be essential for the compressioninduced enhancement of cancer invasion. However, whether and how Piezo1 channels mediate compressive stress-enhanced invasive phenotype of cancer cells has not been examined.
So far it is generally known that SAC functions at "membrane force foci" such as caveolae 31 , as the cholesterol-and sphingolipid-enriched caveolae are thought to provide proper platforms for harboring and gating SAC 21, 32 . In fact, several ion channels harbored in caveolae of myocytes are known to regulate mechanotransduction during cell swelling 33 . The specific structure of caveolae may provide a situation in which the change of membrane tension is different from the surrounding membrane when cells are exposed to mechanical stress. Indeed, it has been found that increase of membrane tension due to mechanical stress can rapidly flatten and disassemble the flask-like membrane invaginations characteristic of caveolae as a compensation mechanism 34, 35 , and TRP channels such as TRPC1 are formed in signal complex to facilitate the interaction with specific lipids such as cholesterol and sphingolipid in caveolae
36
. Structural analysis of Piezo1 has shown that there is a lipid pocket sandwiched between Piezo1 repeat B and C, which provides a lipid binding site and thus may be accessed by lipid molecules as a means of regulation
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. Despite such evidence of structure for lipid interaction, the localization of Piezo1 is not well established and thus it remains unclear whether its activity is regulated by caveolae.
In this study, we hypothesized that Piezo1 channels mediate the compressive stress-enhanced invasive phenotype of cancer cells via a caveolae-dependent mechanism. To test this hypothesis, we examined in vitro cultured human breast cancer cells for their ability to migrate and degrade extracellular matrix in the presence or absence of compressive mechanical stress, together with corresponding changes in Piezo1 as well as cytoskeletal remodeling and calcium signaling. We found that compressive stress promoted an invasive phenotype in the breast cancer cells, characterized by enhanced cell migration, invadopodia formation and matrix degradation, stress fiber remodeling and calcium signal initiation. More importantly, the phenotypic changes in these cells appeared to be mediated by compression-induced Piezo1 activation, which in turn was largely dependent on the integrity of caveolae.
Materials and Methods
Cell culture and preparation 
In vitro compression device
To investigate the effect of compressive stress on cell behaviors, we used a previously described setup 14, 38 . Briefly, cells were grown either in a 35 mm culture dish with glass bottom (# 12-565-90, Fisher Scientific) that was coated with/without gelatin, or in a transwell chamber with permeable membrane of 8-μm pores that was coated with Matrigel. Then the cells were covered with a soft agarose disk layer, and subsequently a piston of specific weight was placed on top of the agarose disk to apply a given compressive stress to the cells underneath indirectly. The cross-sectional area of the piston (24 mm diameter) was 4.52 cm 2 but its weight was variable at 9.22 g, 18.45 g, and 27.67 g, corresponding to a stress of 200 Pa, 400 Pa, and 600 Pa, respectively, on the cells. Cells prepared as such but not subjected to piston weight were used as controls.
In vitro transwell invasion assay
To assay the effect of compressive stress on cell invasion, standard transwell invasion assay adapted from Bravo-Cordero 39,40 was performed using 6-well Transwell chambers that were separated as upper and lower chambers by filter membrane with 8 μm pores (# 07-200-169, Corning). For the assay, the transwell filter membrane was coated with 300 µl Matrigel (12 mg/ml, # E1270, Sigma, Burlington, MA) diluted in serum-free DMEM (2 mg/ml final concentration), followed by incubation for 1 h at 37 °C.
MDA-MB-231 cells in serum-free medium (5×10 5 cells/well) were placed in the upper chamber, while the lower chamber was filled with 2 ml complete medium. Cells were allowed to grow for 6 h and then compressed for 18 h before being fixed with 4% 
Evaluation of invadopodia formation and ECM degradation
To determine whether compressive stress enhances cells' ability to degrade ECM, we examined cells cultured on gelatin substrate for their tendency to form invadopodia and associated gelatin degradation, according to a protocol adapted from Artym et al.
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.
Briefly, glass bottom dishes were treated with 20% nitric acid for 1 h, washed with H2O for 4 times, then incubated with 50 μg/ml poly-L-lysine (# P8920, Sigma) in PBS for 15 min and washed with PBS, then further incubated with 0.5% glutaraldehyde in PBS on ice for 15 min followed by thorough washes with PBS. Subsequently, the dishes were coated with 1 ml of gelatin in PBS (1: 9 of 0.1% fluorescein isothiocyante (FITC)-gelatin (# G13186, Invitrogen, MA): 2% porcine gelatin), then washed in PBS, incubated with 5 mg/ml sodium borohydride (NaBH4) for 3 min, rinsed in PBS, and then incubated in 10% calf serum/DMEM at 37° for 2 h. Afterwards, cells were seeded in each dish at 5x10 5 cells per well and incubated for 8 h, and then subjected to compressive stress of either 200 Pa, 400 Pa, or 600 Pa, respectively, for 8 h as aforementioned.
Upon completion of compression, the cells were imaged with live fluorescence microscopy (at 60x) and the microscopic images were analyzed by using ImageJ to assess the formation of invadopodia and the degradation of gelatin matrix.
Invadopodia were defined as F-actin-positive puncta protruding from the cells into the gelatin matrix underneath the cell in our experiments
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. For each independent experiment that was performed in triplicates, the number of invadopodia per cell was quantified with cells imaged randomly in >15 microscope view fields, representing a total of ~100 cells per experimental condition. At the same time, the degradation of gelatin matrix was quantified as the percentage of degraded area (dark spots comprised of dense degraded protein products) in the whole area underneath each cell.
Live fluorescence microscopy
To observe the dynamics of actin, Cav-1, and calcium signaling, live cells expressing Lifeact-RFP, Cav-1-EGFP, and G-GECO were imaged with a spinning disk confocal microscope with a 100x oil immersion objective (Olympus IX73 with Yokogawa CSU-X1). For live fluorescence microscopy, cells were seeded in a 35 mm glass bottom dish that was placed in an environmental chamber mounted on the microscope to maintain constant 37 °C, 5% CO2, and humidity. Cav-1-EGFP was observed at the excitation wavelength of 488 nm. For dynamic tracking of stress fiber and caveolae in live cells, the cells were consecutively imaged for up to 60 min, and the images were processed using ImageJ. Cells were observed from both top-down and side view for spatial localization of invadopodia, stress fibers and caveolae by 3D reconstruction of images in Z-stacks (0.4 μm increments).
Intracellular Ca 2+ measurement
To evaluate the intracellular calcium concentration ([Ca 2+ ]), we used cells transiently expressed with calcium-sensitive reporter G-GECO 43 and then evaluated the intensity of intracellular calcium signaling. Briefly, cells transfected with G-GECO for 48 h were plated into a glass bottom dish, which was further incubated for 24 h.
Subsequently, the cells were imaged with the spinning disk confocal microscope (60 x objective), with fluorescence excitation and emission at 488 nm and 533 nm, respectively. For each experimental group, twenty cells were randomly selected and the fluorescence intensity per cell was quantified using ImageJ.
Drug treatments
For experiments involving inhibitors, cells were exposed to inhibitor for 0. 
Immunofluorescence
Cells were fixed with 4% paraformaldehyde for 10 min and permeabilized with 0.1 % TritonX-100 for 10 min at room temperature. Non-specific sites were blocked using 5 % non-fat milk in PBS for 1 h at room temperature. Cells were then incubated in 5 % nonfat milk in PBS containing primary antibodies at 1:100 dilution for 1 h at room temperature. After washing with PBS, cells were incubated with Alexa Fluor 594 or 640 conjugated secondary antibody for 60 min at room temperature. Cells were visualized using the spinning disk confocal microscope with 60x oil immersion objective. For Factin staining, cells were incubated with 1:100 rhodamine phalloidin (# PHDR1, Cytoskeleton Inc.) for 60 min at room temperature.
G-LISA analysis
To determine the RhoA activity, a G-LISA RhoA Activation Assay Biochem kit (# BK124; Cytoskeleton Inc., Denver, CO, USA) was used according to the manufacturer's instructions. Briefly, the samples were homogenized in ice-cold lysis buffer (R0278, Sigma) with a protease-inhibitor cocktail, and then centrifuged at 450x g at 4 ˚C for 1 min. The supernatants were harvested, and protein concentrations were measured using the Precision Red Advanced Protein Assay Reagent (# ADV02;
Cytoskeleton Inc.) and finally equalized with ice-cold lysis buffer to 1.0 mg/ml.
Equalized protein extractions were transferred to a Rho-GTP-binding protein precoated plate (Cytoskeleton, Inc.). The plate was placed on a microplate shaker at 300 rpm for 30 min at 4˚C, and then incubated with monoclonal mouse anti-human RhoA primary antibody (# GL01A; 1:250; Cytoskeleton Inc.), followed by a polyclonal goat anti-mouse horseradish-conjugated secondary antibody (# GL02; 1:62.5; Cytoskeleton
Inc.) on a shaker at 300 rpm at room temperature, for 45 min each. The plate was then incubated with the HRP detection reagent at 37˚C for 15 min. After the addition of HRP stop buffer, absorbance was read at 490 nm using a microplate reader (Synergy H1, BioTek Instruments, Inc., Winooski, VT, USA).
Western blotting
Western blot assay was used to examine the protein expression and/or activity of Piezo1, Cav-1, Src, ERK, FAK, and MMP-9. Cells grown on glass bottom dishes under described assay conditions were lysed using RIPA buffer (# R0278, Sigma) with added cocktail of protease and phosphatase inhibitors (MS-SAFE, Sigma). Protein concentration of cell lysates were determined using the Protein Assay Reagent 
Statistical analysis
Statistical analysis was done using two-tailed Student's t-test. Statistical significance set to *p < 0.05 and **p < 0.01. All experiments were repeated at least three times and the data expressed as means ± s.e.m. (standard error of the mean).
Results

Compressive stress enhanced invasion of breast cancer cells dependent on Piezo1
Several methods exist to apply compressive stress to cells such as using a microfluidic platform 6,44 or a hydrostatic pressure system 45, 46 . However, a system that exerts a constant contact compressive force is more suitable to simulate uncontrolled growth-induced mechanical compression found in solid tumor. Thus we used a device with a piston of specific weight to apply a constant compressive force to breast cancer cells according to a previous report 14 . To test whether compressive stress enhances invasion of breast cancer cells, cells were grown on 2D membrane filter (8 μm pore) coated with Matrigel and covered with 1% of agarose gel, and then exposed to a constant weight (Figure 1a) . The compressive stress levels used in this study were 200 Pa, 400 Pa, and 600 Pa, which were considered physiologically relevant as cells are reported to experience compressive stress at up to about 800 Pa in the core of the solid breast tumor 14, 47 . As shown in Figure 1b 
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. More importantly, Piezo1 expression in the cancer cells was ~3 fold higher compared to the normal cells ( Figure S1b ), supporting the possibility that Piezo1 may be the main compressive stress sensor in the cancer cells.
In order to test whether the compressive stress-enhanced cancer cell invasion was specifically mediated through SAC, and particularly Piezo1 channels, we first pretreated MDA-MB-231 cells with SAC inhibitors, Gd 3+ or GsMTx4, followed by exposure of the cells to 400 Pa compressive stress. As shown in Figure 1d and 1e, pretreatment with Gd 3+ or GsMTx4 either partially attenuated or completely abrogated the compressive stress-enhanced invasion of the breast cancer cells.
To further confirm the specificity of Piezo1 in mediating the compression-induced cancer cell invasion, we silenced the protein expression of Piezo1 in MDA-MB-231 cells by using siRNA prior to application of compressive stress to the cells. Western blot results confirmed that the efficiency of Piezo1 knockdown (KD) was ~70% ( Figure   S2a ). When MDA-MB-231 cells pretreated with Piezo1 siRNA were exposed to 400
Pa compressive stress, the enhanced cell invasion in response to compression was completely abrogated (Figure 1f and 1g ). This further supports Piezo1's function in compressive stress-enhanced cancer cell invasion.
Previous work suggests that cholesterol content that directly influences membrane organization such as formation of a unique form of lipid rafts known as caveolae might regulate Piezo1 functions [49] [50] [51] [52] [53] . To test whether caveolae were involved in the compressive stress-enhanced cancer cell invasion, we silenced the expression of Cav-1 in MDA-MB-231 cells by about 60% (Cav-1 KD, Figure S2b ) prior to subjecting the cells to compression. Consistent with our hypothesis, Cav-1 KD also abrogated the compressive stress-enhanced cancer cell invasion (Figure 1f and 1g) .
Compressive stress enhanced matrix degradation and invadopodia formation dependent on Piezo1
Cancer invasion requires the tumor cells not only to migrate but also to degrade their extracellular matrix in aid of the cells to move through dense barriers of their microenvironment. However, it is unknown whether compressive stress influences cancer cells' capability for matrix degradation. To address this important issue, we examined the extent of matrix degradation and invadopodia formation of MDA-MB-231 cells seeded on FITC-conjugated gelatin-coated glass bottom dish followed by application of compressive stress. The fluorescence images showed dark puncta underneath the cells, corresponding to "holes" formed in the gelatin matrix due to degradation, and some of these holes were also colocalized with actin puncta formed on the cell membrane as described below (Figure 2a To our knowledge, such apical actin protrusions have not been reported before, but they appeared to be similar to the invadopodia found at the ventral side of the cells for mediating ECM degradation
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. To verify whether or not these apical actin protrusions were invadopodia, we first examined the agarose gel that covered the cells during compression using immunofluorescence microscopy. We found that the apical actin protrusions that were stuck in the agarose gel colocalized with cortactin ( Figure   3c ). Then, we coated the agarose gel with FITC conjugated-gelatin and used it to cover the cells during compression. We found many dark puncta appeared in the gelatin at the apical side of the cells (as indicated by the yellow arrows in Figure 3d ). These data together strongly suggest that the apical actin protrusions induced by compressive stress were similar, in both structure and function, to the invadopodia commonly found on the ventral side of the cells.
Since the formation of both stress fiber and invadopodia is determined by the dynamics of actin polymerization via Rho family GTPases, in particular RhoA 
Caveolae regulated the protein expression and distribution of Piezo1
The dependence of invasive phenotypes on intact caveolae led us to speculate whether Piezo1 might be functionally associated with caveolae. In both wild type MDA- . Similar to TRPV1, we found Piezo1 behaves similarly by shifting its localization to the nucleus upon cholesterol depletion. Interestingly, in stretchtriggered mitosis, Piezo1 was also observed to localize to the nuclear envelope
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. Thus, it may be a general strategy where a functional relationship between caveolae and Piezo1 regulates force sensing and our data supports the model where caveolae might be the "mechanical force foci" which concentrates Piezo1 to facilitate force sensing and transduction in mammalian cells.
The mechanisms how Piezo1 channels are gated by mechanical stress is still unclear. Piezo1 channels appear to sense tension in the bilayer and are gated according to "Force-from-lipid" principle, an evolutionally conserved gating mechanism
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. According to this paradigm, the activity and sensitivity of Piezo1 channels can be regulated by lipid membrane and its physical properties. The physical properties of lipid membrane such as thickness, stiffness, and pressure profile found within caveolae may be different from the surrounding membrane. For instance, membrane stiffness is reduced by cholesterol depletion
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, and disruption of caveolae integrity by cholesterol depletion has been demonstrated to change membrane stiffness and result in suppression of some epithelial sodium channels (ENaC) and TRP channels 52, 73, 74 . In this context, it is plausible that cholesterol-enriched caveolae might affect sensitivity of Piezo1 via controlling the membrane pressure profile.
Consistent with membrane organization/composition playing a key role, recent studies also show that phosphoinositide depletion inhibits the activity of Piezo channels
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Stomatin-like protein-3 (STOML3) has been reported to tune the sensitivity of Piezo1 channels by controlling the membrane mechanical properties through recruiting cholesterol
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. Taken together, it is likely that Piezo1 is located in cholesterol-rich caveolae microdomains and caveolae integrity regulates Piezo1 function.
The close relationship between Piezo1 and caveolae is perhaps not entirely surprising. Piezo1 channels are known to sense changes in tension rather than absolute tension in the cell membrane
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. Caveolae are also recognized as being important in sensing external stimuli and have been shown to serve as membrane reservoirs to compensate mechanical perturbations such as osmotic stress and stretch 34, 35 . Therefore, the flask-like invagination of caveolae may provide a situation in which the change of membrane tension is much larger when cells are exposed to compression.
In addition to membrane structures, cells upon mechanical stress can also reorganize their cytoskeletal structures to adapt new mechanical microenvironment.
Among them, the stress fibers are essential mechanical structures which control various cellular behaviors. Reports have shown that mechanical tension induces the assembly of stress fibers 75, 76 . 
